The expression of activation-induced cytidine deaminase (AID) is prerequisite to a ''trifecta'' of key molecular events in B cells: class-switch recombination and somatic hypermutation in humans and mice and gene conversion in chickens. Although this critically important enzyme shares common sequence motifs with apolipoprotein B mRNA-editing enzyme, and exhibits deaminase activity on free deoxycytidine in solution, it has not been shown to act on either RNA or DNA. Recent mutagenesis data in Escherichia coli suggest that AID may deaminate dC on DNA, but its putative biochemical activities on either DNA or RNA remained a mystery. Here, we show that AID catalyzes deamination of dC residues on single-stranded DNA in vitro but not on double-stranded DNA, RNA-DNA hybrids, or RNA. Remarkably, it has no measurable deaminase activity on single-stranded DNA unless pretreated with RNase to remove inhibitory RNA bound to AID. AID catalyzes dC 3 dU deamination activity most avidly on double-stranded DNA substrates containing a small ''transcription-like'' single-stranded DNA bubble, suggesting a targeting mechanism for this enigmatic enzyme during somatic hypermutation.
T he breakthrough discovery of activation-induced cytidine (CR) deaminase (AID) (1, 2) has opened a way to identify the biochemical reactions responsible for generating highaffinity antibodies. Although AID is normally expressed in germinal center B cells, its forced expression in B cells at the wrong stage of differentiation (3), in non-B cells (4, 5) , and in Escherichia coli (6, 7) results in enhanced mutagenesis and mutational spectra mimicking somatic hypermutation (SHM). This suggests that AID can operate effectively out of its natural milieu and does not require either B cell-specific V-gene targeting elements or other B cell-specific proteins (8) . Based on its similarity to apolipoprotein B mRNA-editing enzyme, which catalyzes the deamination of C on mRNA (9) , it has been suggested that conversion of dC 3 dU on DNA, followed by the generation of an abasic site, might account for at least a subset of mutations targeted to SHM hot-spot sequences (6, 8, 10) . Recent data showing that AID-and apolipoprotein B mRNAediting enzyme-generated hypermutation is enhanced in uracil-N-glycosylase-deficient strains of E. coli imply that both AID and apolipoprotein B mRNA-editing enzyme can act on DNA (7) .
Because previous studies have failed to detect AID activity on either DNA or RNA, the biologically relevant substrate for AID remains an important open question. In this article we identify and characterize AID activity on nucleic acid substrates and provide a surprising explanation for why its activity has been elusive.
Materials and Methods
Materials. Ultrapure dNTP, 2Ј,3Ј-dideoxynucleoside triphosphate, and T4 polynucleotide kinase were purchased from Amersham Pharmacia; RNaseA, CR, deoxycytidine (CdR), uridine, and deoxyuridine were from Sigma; T7 sequenase (version 2.0) and RNase inhibitor were from United States Biochemical; and uracil DNA glycosylase (UDG) and apurinic endonuclease (APE) were generous gifts from D. Mosbaugh (Oregon State University, Corvallis). DNA oligonucleotides containing normal cytosine or 5-methylcytosine were synthesized on an Applied Biosystems 392 DNA͞RNA synthesizer. DNA oligonucleotides RR-1 (5Ј-AGA-ATT-AAG-TTA-AGC-TAG-TTA-AGT-TAT-3Ј), RR-2 (5Ј-AGA-ATT-AAG-TTA-AGC-TAG-CTA-AGT-TAT-3Ј), RR-3 (5Ј-AGA-ATT-AAG-TTA-ATC-TAG-ACA-AGT-TAT-3Ј), and DDR-2 (5Ј-AAA-GGG-GAA-AGC-AAA-GAG-GAA-AGG-TGA-GGA-GGT-3Ј) were used as single-stranded (ss)DNA substrates for deamination reactions. An RNA oligonucleotide rDR1 (5Ј-AAA-GGG-GAA-AGC-AAA-GAG-GAA-AGG-UGA-GGA-GGU-3Ј) was used as an ssRNA substrate. Double-stranded (ds)DNA, DNA-DNA bubble substrates, and RNA-DNA hybrids were formed by annealing the oligos with their DNA or RNA complementary strands.
AID Purification. AID cDNA was amplified from Ramos B cell mRNA and cloned into pAcG2T vector (PharMingen). AID was expressed as a GST fusion protein in Sf9 insect cells by using a baculovirus expression system. GST-AID (Ϸ50 kDa) was batchpurified by using glutathione-Sepharose (Amersham Pharmacia) and had a purity of Ͼ75% chromatographically. Eluted samples were dialyzed with 20 mM Tris, pH 7.5͞10 mM NaCl͞0.1 mM DTT͞20% glycerol and stored at Ϫ80°C.
Deamination Reactions. In a typical deamination experiment (10-l volume), AID (200 ng), RNaseA (1 g), and DNA substrate (100 nM) were incubated in the reaction buffer (10 mM Tris⅐HCl, pH 8.0͞1 mM EDTA͞1 mM DTT) at 37°C for 5 min or as indicated. RNase inhibitor (200 units) was added when present. Reactions were terminated by extracting twice with phenol͞chloroform͞isoamyl alcohol (25:24:1).
Analysis of Deamination Products by UDG and APE (Assay 1).
Oligonucleotides were 5Ј-end-labeled with 32 P by T4 kinase before use in deamination reactions. For ssDNA substrates, after incubation with AID, a complementary DNA strand was annealed to the ssDNA substrate followed by incubation with 3 units of UDG and 12.5 nM APE in buffer containing 50 mM Hepes, pH 7.5, 10 mM MgCl 2 , 20 mM NaCl, 2 mM DTT, and 0.5 mM ATP. This procedure allows the visualization of a putative AID-catalyzed dC 3 dU conversion by the presence of a 32 P-labeled DNA oligomer corresponding in length to a nick at an original dC site (see, e.g., Fig. 1a Left). After 30 min of incubation at 37°C, the reactions were terminated by adding an equal volume of 95%
Abbreviations: CR, cytidine; AID, activation-induced CR deaminase; SHM, somatic hypermutation; CdR, deoxycytidine; UDG, uracil DNA glycosylase; APE, apurinic endonuclease; ss, single-stranded; ds, double-stranded; ddA, 2Ј,3Ј-dideoxyadenosine; ddG, 2Ј,3Ј-dideoxyguanosine. formamide͞20 mM EDTA. Reaction products were resolved and visualized by 19% denaturing PAGE and phosphorimaging. To examine AID activity on RNA-DNA hybrids, RNase was added in the presence of AID to hydrolyze the RNA portion of the RNA-DNA hybrid, and deamination products then were analyzed as described for ssDNA. One unit of UDG catalyzes the release of 1 nmol of uracil per hour.
Analysis of Deamination Products by Primer Elongation-Dideoxy-
nucleotide Termination (Assay 2). ssDNA substrates reacted with AID were annealed to a 3-fold excess 18-mer 32 P-labeled primer, and the primer was elongated by using T7 sequenase in the presence of three dNTPs and either 2Ј,3Ј-dideoxyadenosine (ddA) or 2Ј,3Ј-dideoxyguanosine (ddG) triphosphate (see Figs.  1c and 2a) . RNA-DNA and dsDNA substrates were heatdenatured, and the separated strands were annealed to 18-mer primer DNA complementary to the DNA strand as described above. The products of reactions were separated on 16% polyacrylamide denaturing gels and visualized and analyzed by phosphorimaging. Deamination efficiencies were calculated from extension reactions with the ddA mix as a ratio of the band intensity opposite the C, U template compared with the integrated band intensities at and past the C template. The efficiencies were also calculated from extension reactions with the ddG mix as a ratio of integrated band intensities past the template C to the integrated band intensities at and past the C template. Backgrounds (Ϸ2-3%), representing a pause band for the ddA mix (or passing bands for the ddG mix) by T7 sequenase at the template C, were subtracted from each calculation. Both methods gave similar values (Ϯ0-3%). Deamination on an ssRNA substrate was analyzed similarly by using avian myeloblastosis virus reverse transcriptase instead of T7 sequenase.
RNA Inhibition Experiment. AID attached to GST resin was activated by incubation with RNaseA and washed with 15 bed volumes of 1ϫ PBS. The 50 l of AID attached to GST resin was incubated with 2.5 g of RNA (mRNA from Ramos cells, total RNA from human heart, tRNA from E. coli, or a 30-nt ssRNA oligo) at 37°C for 3 min and placed on ice for 2 min. Treated beads (25 l) were used in the deamination reaction with 100 nM ssDNA substrate DDR-2.
CdR and CR Deaminase Activities. AID was incubated with 3.3 Ci (1 Ci ϭ 37 GBq) of deoxy[5-3 H]CR (22.0 Ci͞mmol, Amersham Pharmacia) and 250 M dC in a total volume of 10 l buffered with 45 mM Tris, pH 7.5. After a 3-h incubation, the reaction was quenched by adding 2 l of 10 g͞l each dC and dU. The reaction mixture (4 l) was applied to a polyethyleneiminecellulose TLC plate and developed in 7:2 (vol͞vol) isopropyl alcohol͞10% HCl for 15 h. The dC and dU bands were visualized under UV light, cut out, and quantified by liquid scintillation counting. CR deamination activity was measured similarly by using 3.3 Ci of [5- 
Results and Discussion
Because there is no direct biochemical evidence that AID acts on either DNA or RNA, the biologically relevant substrate for AID remains an important open question. To address this problem, we purified GST-AID made in insect cells and used two alternative assays and three nucleic acid substrates (ssDNA, dsDNA, and RNA-DNA hybrids) to investigate AID-catalyzed deamination. In assay 1, UDG converts AIDgenerated dU to abasic sites that are converted to ss nicks by incubation with APE (as indicated in the sketch accompanying Fig. 1a ). In the second assay, the denatured strands were annealed to a DNA primer strand complementary to the separated DNA strand, and a primer-elongation reaction was carried out by using either ddATP or ddGTP chain terminators to detect the presence of either an AID-catalyzed product dU or unreacted dC (Fig. 1c) .
Using assay 1, we detected AID-catalyzed dC deamination on the DNA strand of RNA-DNA hybrid molecules, but this turned out to be true only because RNase was added to remove the RNA from the hybrid (data not shown). In addition, assay 2 failed to confirm that deamination had occurred! This initially confusing observation led to the surprising conclusion that preincubation of AID with RNase was necessary to ''unlock'' deamination activity, suggesting that there might be an RNA inhibitor bound to the enzyme. We therefore investigated the effect of RNase on the purified AID.
AID catalyzes deamination of dC on ssDNA but only when AID is pretreated with RNase by using either assay 1 ( Fig. 1 a  and b) or assay 2 (Fig. 1c) . By using assay 1, when an ssDNA oligomer containing a single dC is incubated with AID and then treated with UDG and APE, a cleaved product band (14 nt) is produced, corresponding to the original location of dC (Fig. 1a,  lane 1) . No reaction with ssDNA occurs in the absence of either AID or RNase (Fig. 1a, lanes 2 and 3) . There is no detectable AID activity on dsDNA (Fig. 1a, lane 5) .
AID exhibits Ϸ3-fold greater activity in two 5Ј-AGCT SHM hot-spot sequences compared with 5Ј-ATCT and 5Ј-GACA non-hot-spot sequences (Fig. 1b) . The 3-fold differences are determined by measuring the ratio of integrated gel-band intensities for the upper hot-spot͞upper non-hot-spot and lower hot-spot͞lower non-hot-spot bands. Note that the intensities of the lower of the two bands in both hot-spot and non-hot-spot lanes are likely to exceed those of the upper bands, because when both Cs are cut, only the lower band is detected in the assay. This explains why the intensity of the lower non-hot-spot band is comparable to that of the upper hot-spot band. This preference for WRCY (W ϭ A or T, R ϭ purine, and Y ϭ pyrimidine) hot-spot motifs reflects the targeting of this motif that has been observed in vivo (11) and suggests that purified AID by itself might play a direct role in this process. Although much more data would be required to substantiate this point, the limited data suggest that AID activity depends on sequence context. Assay 2, involving primer elongation-dideoxynucleotide termination, provides an independent confirmation of AID-catalyzed deamination of dC on ssDNA (Fig. 1c) . The presence of an intense ddA termination band opposite a template C site measures dC 3 dU conversion (Fig. 1c, lane 1) . Conversely, replacement of dC by dU results in a reduced-intensity ddG termination band (Fig. 1c,  compare lanes 2 and 4) , and concomitant bypass bands reflect synthesis on templates containing dU (Fig. 1c, lane 2 brackets) . The low-intensity pause bands arise from dissociation of T7 DNA polymerase when copying relatively short DNA templates. Omission of RNase results in the loss AID-catalyzed dC deamination (Fig. 1c, lanes 3 and 4) . The inhibition of RNase extinguishes AID After incubation of AID with proteinase K, a phenol͞chloroform͞isoamyl extraction was carried out followed by 5Ј-32 P labeling of putative nucleic acids by using T4 polynucleotide kinase and resolution of labeled products by 20% denaturing PAGE. The absence of bands Ͼ18 nt in the RNase-treated sample (lane 2) demonstrates the existence of AID-associated RNA. The appearance of bands Ͻ18 nt in the RNase-treated sample (lane 2) represents RNase-digested products; RNaseA hydrolyzes ssRNA at C and U sites. Size markers at the left indicate the position to which DNA oligonucleotides have migrated on the gel. activity (Fig. 1c, lanes 5 and 6) . RNase by itself cannot catalyze deamination of dC (Fig. 1c, lanes 7 and 8) . AID fails to act on dsDNA (Fig. 1c, lanes 9 and 10) , in agreement with assay 1 (Fig. 1a,  lanes 5-7) . AID is activated by a variety of RNases: pancreatic RNaseA (used in Fig. 1 ), which digests ssRNA at C and U, RNase T1 (acting at G), and E. coli RNase 1 (acting at all bases) (data not shown). In contrast, AID is inactive in the presence of RNaseH, which digests RNA in RNA-DNA hybrids but not ssRNA (data not shown).
We used AID attached to glutathione-Sepharose beads to determine whether RNase is able to activate AID directly or whether instead it acts indirectly, perhaps by hydrolyzing an AID-associated RNA inhibitor (Fig. 2) . The fraction of dC deamination on ssDNA using bead-linked AID is 37% in the presence of RNase (Fig. 2a,  lanes 3 and 4) but remains at background levels (Ͻ3%) in the absence of RNase (Fig. 2a, lanes 1 and 2) . Preincubation of bead-linked AID with RNase followed by extensive washing to remove the RNase results in a level of deamination (Ϸ42%; Fig. 2a,   Fig. 3 . Activity of RNase-activated AID attached to GST-Sepharose beads. (a) Inhibition of AID-catalyzed dC 3 dU deamination on ssDNA substrate by exogenous RNA. AID attached to GST resin was activated by RNaseA as described for Fig. 2 . Activated AID beads (25 l) were preincubated with 1.25 g of mRNA (from Ramos cells), tRNA (E. coli), or total RNA (heart cells) for 3 min at 37°C and used in the deamination reaction with ssDNA substrate. The fraction of dC 3 dU conversion is indicated at the bottom of the gel as dC 3 dU (%). (b) AID does not deaminate dC in RNA-DNA hybrid or C in ssRNA. RNA-DNA hybrid or ssRNA was incubated in the reaction buffer at 37°C for 5 min in the presence or absence of activated AID-GST beads. The deamination product for ssRNA was analyzed by assay 2, in which avian myeloblastosis virus reverse transcriptase was used instead of T7 sequenase. (Fig. 2a, lanes 3 and 4) . We conclude that the requirement for RNase is indirect, i.e., to hydrolyze an AID-associated inhibitory RNA molecule. The successful removal of RNase during the washing step is shown by the absence of crossreaction with an antibody against RNaseA (Fig. 2b) .
The endogenous RNA bound to AID is observed directly by incubating purified AID with proteinase K followed by extraction of the nucleic acid fraction and the addition of a 5Ј-32 P radioactive label (Fig. 2c) . The 32 P-labeled bands consist of heterogeneously sized, Ϸ10-to 40-nt RNA, with an average length of Ϸ25 nt (Fig.  2c, lane 1) , which is degradable by RNaseA (Fig. 2c, lane 2) . We estimate that the endogenous ssRNA is bound to AID in an Ϸ1:1 stoichiometry, determined in the following manner. Using phenolchloroform, we extracted 480 ng of RNA nucleotides from 40 pmol of AID determined by UV absorbance. By assuming that 480 ng of RNA nucleotides corresponds to 40 pmol of RNA molecules (a 1:1 stoichiometry with AID protein), we deduce a predicted average length of the associated RNA as Ϸ35 Ϯ 10 nt, in close agreement with the radioactive data (Fig. 2c, lane 1) .
If the inhibitory effect caused by the endogenous RNA is eventually found to be physiologically relevant, then the 1:1 ratio of RNA to AID could become an important observation. However, the addition of much larger amounts (Ϸ10-to 20-fold) of exogenous RNA from a variety of sources also inhibits AID (Fig. 3a) . The conversion of dC 3 dU in the presence of B cell mRNA, E. coli tRNA, or B or heart cell total RNA is 5%, 12%, and 5% (Fig. 3A) , respectively, compared with 42% in the absence of RNA (Fig. 2, lanes 5 and 6) . RNase-pretreated AID bound to beads (see, e.g., Fig. 2a , sketch at top) did not convert dC 3 dU in RNA-DNA hybrid molecules (Fig. 3b) . The absence of activity on the RNA-DNA hybrid was not caused by inhibition of AID by the presence of a 3-fold excess of RNA over DNA strands used to form the RNA-DNA hybrid, because the deamination reaction on ssDNA was unimpeded in the presence of the same concentration of ssRNA when the annealing heatrenaturation step was not performed (data not shown). Moreover, AID shows no measurable activity on ssRNA (Fig. 3b) .
Previous to this study, the sole activity observed for AID was with a free nucleoside (CR) or deoxynucleoside CdR substrate (12) . This activity did not require pretreatment with RNase. To confirm and extend the previous data, we find that Ϸ100% dC 3 dU conversion is achieved at ''high'' and ''low'' RNase concentrations on ssDNA (Fig. 4a) . Preincubation of RNaseA with RNaseA inhibitor strongly inhibits AID activity on ssDNA (Fig. 1c, lanes 5 and 6) . In contrast, the reaction proceeds to completion with unaltered kinetics when RNase inhibitor is added 5 min after the reaction has begun (Fig.  4a, see arrow) . The 5-min reaction is thus sufficient to allow for degradation of the RNA bound to AID, which agrees with the RNase-pretreated AID-bound bead data (Fig. 2a, lanes 5 and 6) . AID exhibits Ϸ10-fold higher specific activity on ssDNA for the deamination of dC 3 dU compared with 5-methylcytosine 3 T (Fig. 4b) . AID is most active when deaminating the free deoxynucleoside, CdR 3 deoxyuridine (Fig. 4b Inset) . However, in marked contrast to its activity on ssDNA, AID does not require the presence of RNase when acting on free deoxy or ribonucleoside substrates (Fig. 4b Inset) . We speculate that these much smaller substrate molecules are able to diffuse into the active site of the AID, whereas larger nucleic acid substrates are blocked by the presence of RNA bound to AID. AID contains bound zinc, and its activity on both ssDNA and free deoxy and ribonucleosides is inhibited by the Zn inhibitor 1,10-o-phenanthroline (data not shown) as documented for inhibition of CR (12) .
Because SHM occurs only in the presence of RNA transcription (13-15), we modeled variable-length transcription-like bubbles and measured the activity of AID in comparison to ssDNA (Table 1) . AID activity on dsDNA substrates composed of 3-and 4-nt bubbles is less than that for ssDNA by Ϸ4-and 2.5-fold, respectively (Table 1) . However, its activity on 5-and 9-nt bubbles is significantly greater than on ssDNA by Ϸ2-and 3-fold, respectively, with the 9-nt bubble corresponding to a typical transcription bubble size. AID has no measurable deamination activity on a dC:dA single base mismatch (Table 1) .
Our data showing that AID catalyzes deamination of dC on ssDNA, a prerequisite for generation of abasic moieties required for both class-switch recombination and SHM, provides a biochemical basis for these enigmatic processes (16) . The hypermutations per se are presumably made by error-prone DNA polymerases (17) , pol (18, 19) , pol (20) , and pol (21), possibly while filling in base excision repair-generated gaps (22) or when error-prone or replicative polymerases copy unrepaired lesions (23) . The action of AID on ssDNA might target mutations to V-gene hot spots by providing sites for nicks (24) or ds breaks (25, 26) proximal to 3Ј-YCRW SHM hot-spot motifs. There are several noteworthy aspects of this study. First, a nucleic acid substrate (ssDNA) has been identified for AID. Second, AID activity on ssDNA is inhibited by small ssRNA molecules (Ϸ20-40 nt) bound to the enzyme with 1:1 stoichiometry such that treatment with RNase is required to activate AID. This observation explains why it has been so difficult to do any biochemistry with AID. It also raises potentially important questions about whether the relationship between AID and its bona fide RNA-editing homologues has allowed AID to be regulated by inhibitory RNA in vivo and if so how the activation of AID occurs. These studies also again raise the question of whether an AIDcompatible ssDNA substrate might be generated during RNA transcription (Table 1) , a well documented but poorly understood requirement for SHM (13) (14) (15) , or whether an ssDNA substrate is generated as RNA polymerase encounters hot-spot pause sites (27) . Our data showing that AID catalyzes dC 3 dU deamination activity most avidly on dsDNA substrates containing a 9-nt ''transcription-like'' ssDNA bubble offers a hint of a targeting mechanism for AID in initiating SHM. Reactions were carried out by using 100 nM substrate DNA and 75 ng of AID for 5 min at 37°C, and the fraction of dC 3 dU conversion for each substrate was calculated by using assay 2 as described in Materials and Methods. dsDNA bubble substrates refer to partially complementary dsDNA (27-mer) containing centrally located noncomplementary regions forming ss bubbles of 1, 3, 4, 5, and 9 nt. † 0, no dC 3 dU was detected above background in the absence of AID.
